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SUMMARY

.4 detailed exploration of the field of mean and fluctuating
quantities in a twod&wwional turbulent charm.d jlow i8
presented. The measurements were repeated at three Reyno~8
number8, 12,300, 30,800, and 61,600, based on. the half width
of the channel and tb .ma.m”mummea-n velom”ty. .A channel of
.?-inch un”dthand 12:1 a~pect mtio wa8 used for the inve8tigatkm.

Mean-speed and m-al-fluctuation meoxurements were made
well within. the Luminar &layer. l%e 8emitheoretica~ predti-
tions concerning the extent of the la.minar swbla.yer were con-
iirmed. The distribution of the relocity jhmtuations in the
direction of mean~ow u’ shows that the inj%nce of the 1<8GosI”ty
ertend8 farther from the wail than indicated by the mean relom”ty
profle, the region. of in$uence being approximately four times
as wide.

Fluctuations perpendicular to the flow in the lateral and
vertical direction8 J and w’; re%pectiseiy, and the correlation

coei$icient k= ““’v’
>@@

were also measured. The turbulent

shearing stre8s was computed by three di~ei-ent methad8. The
rezwks show satisfactory agreement for the two lower Reynolds
numbers. Jn t..e ca8e of the highe8t Reynolds rm,rnber, however,
the totat $hem”ng stre88 T obtained from the~uctuation measure-
ment u*a8approm%uztdy 2?0percent lower than that coqmted
from the mean-celocity and mean -pressure measurement~. All
dimensionle88 mean$uchmting quantit.ie8 werefound to decrem?e
with inm-e~:ng Reynolds number. ~Mea8urement8 of the 8cale8
of turb uience LB and L=and microscale.s of turbulence Au and L
acro#8 & channel are pre8ented and thm”r cariation with
Reynolds number is di8cus8ed. l“~”nga. new technique, cakes

for tit microscaie b were obtained; a new method for estimating
the scak ~ is a180~“cen.

The ~nergy balance in the turbulent j%m$eld was calculated
Jwm the meaaured quantilk-. From thi8 calculation it i8
pow-ibl( to gi.rea descripti~e picture of tu.rbukt-energy difu~”on
in the c~nter portion of tk than nel cros8 ~ection.

lb the J70w corresponding to a Reynolds nwmber of 30,800
the energy spectrum of the ~-fktuation~ at nzriau8 point8
acrose the channel, including one in the lamimzr wblayer, toa8
obtained.

At ~tation y/d=O.J, where y i8 lateral distance and d is half
width of the channel, the contribution to the turbuknt shear
strew from cam”ou8frequency band.i wa8 measured and it was
found that the contribution corre.spmding to f7equencie8 abore
1500 cycle8 “per 8econd i8 negligible. Since the 8pectrum of ~

1Sum NACA TAr2U3“Inve@atfonofTurkdentFIOWina Tm-DimeIMoml
Channel”by John Lank, 1950.

at this point exiend~ to about 6000 cycle8 per second it is em-dent
that the high frequencies are -nearly isotropic in agreement with
Kohnogorof8 hypothesis.

INTRODUCTION-

h recent years a considerable step forward was made in
the theory of turbulence. Kolmogoroft (reference 1),
Heisenberg (reference 2), and Onsager (reference 3) ob-
tained independently an energpepectrum law that holds in
ra&kr restricted types of turbulent flows. This progress
gave a new impetus to both theoretical and experimental
investigations. The experimental worker may follow two
principal methods of approach to the probIem. First, he
may establish flow fiekls -which satisfy suflkiently the
assumptions of the new theory, namely, that the flow is
isotropic and of high ReynoIda number so that the Muence
of viscosity is a minimum and the effect of the turbulence-
producing mechanism is small. Undw these conditions he
may mewwe quantities such as correlation functions, stake,
and microscales that are defined exactIy in the flow field -
and may compare his results -with those predicted by the
theory. The main difficulty with this method is to predict
how chae~y one has to approximatee in the actual flow the
conditions assumed in the theory. In other words, the
sensititi~ of the theory to deviations from true isotropic
conditions is not known and in case the measurements do
not agree with the theory one do= not know whether to
attribute the disagreement to faulty asmmpt ions in the
theory or to the incomplete isotropic conditions of the flow.
li’mt.hermore, the imposition of the condition of isotropy to
fluctuating fields may be a very strong restriction and the
study of such fields may not yield the complete picture of the
turbulence mechanism.

The second .method of approach is to establish a simpIe -”
nonisotropic turbuIent fIow-field tith -welI-defineclboundary
conditions and, in the light of the exist@ theories, to try
to obtain information on the mechanism of energy transfer ‘--;
from the 10-wfrequencies of the energy spectrum to the high
ones. The preeent inwst.igation of a turbuIent channeI flow
has this purpose in mind in its Iong-renge program.

The diflkulties of this methocl are immediately realized. ‘–
Because of the nonisotropic nit.ure of the flow, chamcteristic
quantities such as scale ancl microacale are no kmger vreli-
deflned -and it ia ~ery pees.iile that in the fit stages of the
investigation certain quantities -willbe measured that later
will pro-re ta be trivial. On the other hand, the main
advantage of a fully de-doped channel flow is the fact that,
in contrast with the flovi behind grids, flow conditions are

. p~i
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steady; no decay of mean or fluctuating quantities exists
in the direction of the flow. Consequently, the turbulent
energy goes through all of its stagaaof _@maformation across
the channel section-turbulent-energy production from the
mean flow, energy diffusion, and turbulent and laminar
dissipation-and one may study these transformations in
detail.

It has become clear that the phenomenological theories of
turbulence, such as the mixing-length theories, have lost
most of their importance. These theories, developed in the
late twenties and early thirties, were aimed specifically at
an evaluation of the mean-velocity distribution in turbulent
flow. The existing experimental evidence shows clearly that
the mean-velocity distribution is very insensitive ti...fie
essential assumptions introduced into the phenomenologicrd
theories. In fact, purely dimensional arguments generally
suffice to give the shape of the mean velocity profile with
sufficient accuracy. For the further development of an
understanding of turbulence, detailed measurements of the
field of fluctuating rather than of mean velocities are necw-
sary. The program of experimental research of which this
work is one part is based on this reasoning. It is quite
apparent and natural that the same conclusions have been
drawn by workers in the turbulent field elsewhere and that,
in general, the main emphasis of current experbental inves-
tigation is the explorat,ion of. the field of the fluctuating-
velocity components.

The present set of experiment deals with flow in a two-
dimensional channel, that is, with pressure flow between
two flat walls. Channel flow of this type is the simplest
type of turbulent flow near solid boundaries which can be
produced &~perimenttilly. The simpler Couet te type flow
requires that one wall move with constant velocity, a con-
dition which is ditlicult to realize e.xperirnentally. It can
be approximated bs’ the flow between concentric cylinders,
but complioations clue to centrifugal forces arise here. The
simple geometry ol a two-dimensioned. channel allows an
integration of the ReynoMs equations, and the turbulent
shearing stress can then be related directly to the shearing
stress on the.surfaces which, in turn, can be determined from
the mean-prwsure gradient or the slope of mean veIocity
profile at the wall.

The relation between the apparent stresses and the wall
shearing strqss can be used to advantage in two fashions.
It is here possible to obtain the magnitude of the correlation
coefficient responsible for the apparent shear by measuring
ordy the intensities of the turbulent fluctuations. The
turbulent shearing stress can also be measured directiy by
means of the hot-wire anemometer. A comparison with the
shear distribution obtained from mean-pressure-gradient or
mean-velocity-profile measurements serves them as a very
useful check on the underl@g assumptions, on theone hand,
and specifically as a check on the reliability and acc.&acy of
the direct measurements, on the other.

Measurements of channel flow have previoudy been made
by Dtinch (reference 4), Nikuradse (reference 5), Watten-

dorf and Kuethe (references 6 and 7), and Rciclmrdt (rofcr-
ences 8 and 9). A few unpublished mcmurcmcnts have bce~
made recently at the Polytechnic Instit utc of Brooklyn.

Donch’s and Nilm.radse’s measurements wcra concerucd
ordy with the mean-velocity distribution and are thus of
not too much interest for a comparison with the present
set of measurements. Wattendorf measured the in[ensity
of the fluctuating-velocity components and then dcduccd
the correlation coefficient from the mean-pressure mmsurc-
ments. The technique for measuring the nsird component
of the velocity fluctuation was well-developed at the time,
but the cross component was only teututivcly mcmurcd.

The most complete setof mcasuremcnta is duc to [he wurk
of Reichardt, who measured velocity fiuctuations in the
direction of t-heflow and normaI to tho wall as well as [he
turbulent shear directly. Reichardt found wry good agree-
ment betweeu the shearing stress determined in these two
ways; his paper comes c~osest to the prcwmt instigation
and his results will be used for comparison. The Reynolds
number in Reichmdt’s measurements was 8000j “which is
lower than the range covered by the present-mwmrements.
A criticism which can bc made of Rcichtirdtis investigation
is his use of a tunnel of only I:4 aspect rtitio. Thu t.wo-
dimensional character of the flow is thus somewhat doub[ful.
Wattendwf’s experiments were made in a clmnncl of very
large aspect r~tio (18:1) and are thus free of this criticism.

In a preliminary investigation a. chwmcl 1 inch wide and
60 inches high was chosen. The measuremrnls, however,
have shown that in this case the scale of iurbuhwcc is so
small that great care must be taken 10 correct the lMt-
wire readings for the eftect of wire length. Mcasurcmcm@
of the microscales were, in fact, impmsible in the l-inch
channel. The microscalcs were about 0.1 cent.imcter and
thus smaller tlmn the length of the wire. Tlw corrections
for the case of measurements of v’ and w’ were abouL 30
percent. Since the method of correct.ion bccomea very inac-
curate for such large ratios of wire length to rnicrosctdc, tho
measurements were repeated in n 5-inch channel with a
1.2:I aspect ratio. This ratio was still largc enough to insuro
two-dimensional flow and the length corrections were greatly
reduced.

This investigation was conducted at k Guggenheim
Aeronautical Laboratory, Ca]iforniti Inslitutc of Tcch-
nology, under the sponsorship and with tha finanritd assist-
ance of the National Advisory Committee for Aeronaut irs,

The author wishes to acknowledge the mmstant advice
and help in both experimental metlmcls and interpretation
of results of Dr. H. W. Licpmann during this investigntion.
He also wishes to thank Dr. C. B. Millikw~ for his contin;
UO,USinterest in this resemch. The cooperation of Dr.
F. E. Marble and Mr. F. K. Chwmg is much apprccintd

SYMBOLS

x longitudinal. coordinate m direction of flow;
x= Ocorresponds to channel exit
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lateral coordinate’; v=O corresponds to channe~
vrall

vertical coordimte
hdf width of channel (2.5 h)
‘thickness of Iaminar sublayer
mean velocity at any point in channel
mmimum value of mean -n210city
instantaneous value of w40ci@ fluctuations in

direction of mean flow z
instantaneous values of velocity f3uctuation9

normal to mean flow in directions y fmcl 2,
respectively

root-mean-square value of velocity fluctuations
in direction of mean flow x

root-mean-squme values of velocity fluctua-
tions normal to mean flow in directions y and
z, respectively

pressure at any point m channel
air density
total shearing stress
shearing stress at vd
friction velocity (~~)
absolute viscosity of air
kinematic wiscosity .
Reynolds number based on half width of chan-

nel and maximum mean velocity
correlation coefficient responsible for apparent

shear
(-)$&$

correlation coefficients as functions of X, Y, and
Z, respectively

microsdes of turbulence

For channe~flow between two paralle~flat walls,

L* L,, L= scales of turbulence

(Lz=J”lLdx,@p!, m,q”l?=dz)

x,Y, z distances (in the z-, y-, and z+direction,respec- .
tively) betieen points at which correlation
fluctuations are measured

o- ratio of square of compensated and uncompen-
sated fluctuations

M time constant e.-qmssing thermal h+g of hoh -
&ire

n frequency, cycIes per second
F~~n) fraction of turbulent energy U= associated with”

band width dn
F=m[n) fraction of turbulent shear ~ associated with

band width dn
m dissipation of turbulent energy
t time .
el, e2 voltage fluctuations .

ANALYTICAL CONSIDERATIONS

EQUATIONSOFMOTION-FORTWO-DIMEKSIOh’ALCHANXELFLOW

The mean- qnd fluctuat,ing-~elocity components are
denoted by u{ and u{, respecthly; Cartesian coordinates
are designated by w; and pu denotes the components of
the stress tensor which includes both the viscoue and ap-
parent (Re-jmoMs) stresses. The Reyuokls equation and
the continuity equation for steady flow can thus be written,
ns~~ Cartesian tensor notation,

%=U(Y)
du—p—p~~ P fi-,’u~

du. —
Ua=o

‘“= Wj–’”’v’
—p—p~

‘u~=o 0 c1

c1

0

—p–w~

218687—53+0
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where r, y, and z replace xi, and w’, 0’, and w’ replace ui’ for
convenience in writing equatiom (la) and (lb) in simpler
form. Equation (lb) is automatically satisfied and equation
(la) become9:

O=&(–P–pr)+$(P$ P’ii )]
(2). .

o=+(–P–P7’)+&(J& Pui77
)J

In fully developed turbulent flow the variation of mean
values of the fluctuating quantities with x should be zero;
that is, the flow pattern is independent of tho st.reamwise
direction. Hence, equations (2) become:

1 bp dzu d=
–—=’dg–” dy --p ax

m
lap ldr——.— —
Pbx ,dy

(3a)

(31))

Differentiating equation (3b) with respect to r gives
1 ?Yp

—

—= O; “consequently hp/dx is independent of y and
i ax aY

equation (3n) is immediate]}- integrable. Thus

~~=vfi —
—U’u’+conshmtjl ?)X dy

In the centm of the channel the shear vanishes; hence if the
cl]am~elhas the width 2d

t)r in nondimensional form:

In terms of the shearing stress at the WUII,

r. y–d V du u’o’—— —. _ __ __
, U.= d U.’ dy U.z

(4)

(5)

It is evident from equations (4) and (5) that r. cm be
dcfermined in three different ways:

(a) From the mean-pressure gradient

(b) Fmm the slope of the mean veh-wity profile nmr [l~c
wall

du

()
To=p —

dy ,.O
-.

(c) From a direct metisurernontof ~

( (h dTo= pm—
)

— .. .
p ~ y–d

If y/d is not too snmll,

du —
J1G< <pufll’

and t.hefi
dTo=pm —

y–d

The technically simplest wuy to determine 7., nnd thus i~-
fact the complete shear clistribut.ion, is a measuymeui of
tlpjl)x. This is the method applied in inost investigations. ““-

-To determine the slope of the velocity profile nmr the wall,
the profile has to be known up to points very C1OSCtu llw
wall, that is, at least to distances y/d= 10-’. ‘1’I]isill gctwrd
requires the, use of the hot-wire am?mometer and very
precise measurements.

The third method requires a direct. meusurcnw[lt of tho
correlation lwt.weenthe axial and lahmd vrloci ty fl[mtualions,
The technique of this type of measurement. is known nnd
was first appliecl by Reichwclt. and by Skramstad aml, in
somewhat different form, in recent inwstigti t ions n t thc
.KTationalBureau of Shmdtirds, I?olytcrhnic Jnsfil[ltc of
Brooklyn, and California Imtitute of Tcchnohlgy.

In the present, ipvestigation all thrm metho(ls hl]vc been
applied and the results compared, with Ihe cxccpt ion of thc
flow at the lowest ReymJds number. IU this rase thc

pressure grac]ient is extrenwly small (appros. (.).0003mm of
alcohol/crn) and reasonably accurate measurements were not
possible. This comparison of thu thrw methwls has the
advantage t.hat i~ gives u good indicatiot] of the ubsolutc
accuracy of measurements of the fluctuati!lg qunntities rmd
the correlation coefficient h-.

ENERGYEQUATION

Mrritiugequation (la) in the form

au~ ~2+p~ui
‘u’ Gt= ‘ax,

and multiplying it by u[, the following relation

I 1 Zluau(uk ZPu,—=–~+~”( a.r,hf2 p a~t
.—

(G)

isobtainrd:

Transforming the last.term by partial integmtion the Linergy
equation”of the meftn flow becomes
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The velocity perturbations can now be introduced: I

Since the velocities are independent of the coordinates x and z
the foIlo-ring equation is obtained after averaging

I

31aking use of equation (M) this simplifies to I

This form was obtained by Ton I&mti (reference 10) whiIe
discussing a nonisotropic flow in terms of the statistical
theory of turbtdence. In order to see the relutive ordera
of magnitudes of the different terms in the equation, Von
ll~rmfm espre=es them in twins of a- single velocity
g=@z+#2+w” and a characteristic length D corresponcl-
i~~ to the width of the channel. Since

T–=–-=O[Q’)
LJ

and

%=43=0(3)
the above equation may be written as

where the coefficients hu-re the characteristics of correlation
functions and Ais the microscale of turbulence. “For a high
Re-ynolds number flow @/P>>l. it follows that z@/LT<@.
Thus the second and third terms on the right side of the
equation may be neglected. Since the pertinent quantities
have been measured during the pr=ent work, the order of
magnitude of these terms can be directly e~aluated and the
omission of the terms is found to be justified. The above
equation thus contains only terms of the forms @/D and
Z@/ka; these terma should be of the same order of magnitude
and therefore gk2/vD= 0(1). It is of considerable intcrest to

seewhether experimentalresults confirm this relation. Taking
as an exampIe re.wdtsfrom the measurements at. R=30,800
and y/d=O.5 (where @/D= 11X 10aand J@/AZ= 1.7X 1(P)

q=52 centimeters per seconcl

iM=0.5 centimeter
therefore

qx2_ 5~xo.25 =6 ~
~—0.155X12.7 -

This “ratio seems to be fairly constant- for difTerent Reynolds
numbers and across .th~ channel cross section.

In view of the above dimensional cmsiderationa, the - ‘“
energy equation may be written

du d

( “’”’’+o~+w’’~)+~(%)cs)cs) “) :‘Zj=zj ‘L”

The equation esp-esses the fact that the energy procluced
b-y the turbulent shear forces at a certain point is partly
diflused and partly dissipated- This equation has been
used in estimating the energy dH-usion across the channel,
since from the measured quantities the production term and
dissipation can be calculated.

EQUIPMENT AND PROCEDURE -

WINDTUNNEL

The investigation vm.s wmried out in the wind tunnel
shown in figure 1. ‘The turbtience level is controlled by a
honeycomb and seamIeas precision sm-eens, followed by an
approximately 29:1 contraction. The screens have 18
meshes per inch and a wire diameter of 0.018 inch The
honeycomb consists of paper mailirg tubes, 6 inches long
and 1 inch in diameter.

(Tubes@ img and 1“d~m)

FmuEE L–D@mm of Imwdimensfond tunnel.

The o-rer-aIIlength of the channel is 23 feet. At the en-
trance section it is 3 inches tide md has an ~pect ratio of ‘-—
20:1. In a distance of 7 feet it e~ands to a width of 5 inches
and the aspect ratio is reduced ta 12:1. The vrallsoft he exit
portion of the channel (about 6 ft) are made of %-inch-

.
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thick plywood with a M-inchbirch inside cover. .They were
specially treated in order to acquire a smooth finish and were
reinforced in order to avoid warping (fig. 2); in spite of this a
few percent of width variation existed.

FRWEE Z.—Exit of channel.

The tunnel is operated by a 62-horsepower stationary
natural-gas enginenormally operating at a fraction of its
ratin~which drives two eighhbladed fans. The speed is
remotely .ccmtrolledby means of a small electric motor which
drives the throttle through a gear and lead-crew s~tem.

The expmiments were carried out at speeds of 3, 7,5, and
15 meters per second,

TBAVEIWING MECHANISM

Figure 3 shows the type of traversing mechanism used
during the experiments. It consists simply of a micrometer
screw on which the hot-wire support is fastened. The sup-
port can rotate freely in a plane perpendicular to the ah flow;
thus, the hot-wire may be adjusted exactly pa.raUeIto the
wall.

coMimrrim FOR AMiONAUTICX3 .—

FIGURE S,—TiUwrsIng mcchmbm.

The zero reading of the traversing mechanism (y=O) was
carefuUyfound using the folIowing method: The hot-wiro was
placed close to the wall (approx. 0.025 cm away); tlm disttmm
between the wire and its imngo in the po]ishcd wall was
measured by means of an ocuhw micromcLer. TILCpositi(m
of the wire is, of course, one-half of the observed disttincc and
couId be determined with an accuracy of +0.0005 centi-
meter.

In order to obtain the pressure distribution along the
middle of the channel a 6-inch-long thin-wall.cd tuhc ~-inch
in diameter was used with a small statio-pressure ]lok MM
c.Ioseto its end. T~~etmbewas free to slide in a suppor~ at
the entrance of the chtinnelso that the position of the prwsurc
hole relative to the channel exit could be changed. The tube
was kept straight and under tension by means of weights.

HOT-WIRE EQUIPMENT

AII velocity measurements were made with ho~-wire ww-
mometers. The frequency response of the nmplificr-compcn-
sator @it of the hot-wire equipm~rlt.,using a 0.00024-inrh
wire at standard operating conditions, is flat from approxi-
mately 2 to 10,000 cycles per second.

The compensation of the hot-wire for thcrma] lag is ac-
complished by a capacity network, Tho range of time
constants was chosen from O to 1 millisecond corresponding
to the characteristics of 0.00005- to 0.00024-inch wires at the
operating conditions employed in general a~ GALCIT. hTo
attempt-was made to extend the range of compensation to
larger values of M, since in this case t.ho noise lCVC1soon
becomes appreciable.

The correct setting of the compensating unit was found
using the square-wave method described by Kov&eznfiy (ref-
erence 11). The time constmts of the wires used for h]rbu-
le~ee measurements fell between 0.1 and 0.9 millisecond.

The output readings were taken with a thermocouple and
precision potentiometer.

Mean-speed measurements,--A 1/2-roil (0.0005-in.) plat-
inum wire of l-centimeter length was used to measure the
mean speed. The measurementswere made by the coI@ tinL
resistance method. This method has the tidvantage of
keeping the wire temperature constant through tho velocity
field,
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Turbulence measurements.-For the investigation of tur-
bulent fluctuations, 0.00024-inch Wollaston wire was used.
The wire was soft-soldered to the tips of fine sewing needIes
after the sflver coating had been etched off.. The two lateral
components v’ and W’ and the correlation toefiicient

‘=$$
were measured us~~ tb X-wire technique. The.

method was essentially the same as described in detaiI in
previous reports from this Laboratory. (See, for example,
reference 12.)

The X-metem for shear measurements had angks between
the wires of approximately 90°. The angles of the u’,w’-
‘meter were of the order of 30°. The We length of the u’-
meter was about 1.5 millimeters and that of the v’-meter
was 3 nd%eters.

The parallel-wire technique used recently at the Polytech-
nic Inatitute -of Broolclumwas also tried in order to obtain
t-he lateral component of the velocity fluctuation and the
shear close to the wall. The paraLIel-y-ire instrument is
superior to the X-meter since it rdlo-msan e.sploration of the
turbulent field up to distances of a few thousandths of an
inch from the -ivaII. However, it was found impossible to
obtain reliable ~aka with this instrument. The correc-
tions due to u’-fluctuatione and to unequal heating of the
wires were pronounced and not easily accountable. The
method was therefore temporarily abandoned after consid-
erable time and” labor had been spent on it.

Measmements of correlations between ~o points,-The
correlation functions between values of u’ at points alo~w
the y- and z-a..-..-,that is,

~ =’ tL’(o)u’(Y)

‘ J7@-Ju’(Yy

were meas~d us~~ the standard technique (reference 12).
The scales of turbulence L, and L= and the microscaks h,
and ~, at different points across the channel were.ob tained
horn these ineasurements.

Measurements of h,.—A met-hod suggested by Townsend
(reference 13) -wasapplied to measure k.. Using tinelectronic
differentiation circuit the amplifier output @gna.I was dif-
ferentiated and h=computed from the foIlowing relation:

The error invo~ved in the approtiation ~a & can be

-estimated and it.may be seen that the above relation hokls
with reasonable accuracy over the large center portion of
the cha.nnel.

A new technique for the measurement of k=has QIWbeen
applied. The method is described in detail in reference 14
and consists in muuting the”zeros of an oscil.lograph trace

of the u’-iluctuations. From these counts & may be cal-
cdated directly by assuming a norrd and independent
distribution for both u’ and bu’/&

~=~XAverage number of zeros of u’ per second
0

.

It is Iinown that the diatriiution of u’ is closel-ya Gaussian
one even in nonisotropic turbulence (see, for instance, refer-
ence 15); however, for the case of bu’~x a smalI deviation
from the normal distribution -wasfound (reference 13). For
the prehninary measurements of h reported presently, no
corrections were apphd es yet for this effect. Figure 4
shows an oscillograph trace of the u’-fluctuation in the mid-
dle of t-he channel at R=30,800. The trace represents a.p
interval of approsimatd-y 1/20 second.

Fmrm?sL—TypfcaI cdUogmm of a’-llnctuatiin at E+,SCO and F/d-Ill. Hmfzrmtal Mne
omewonds to u’(t) =@ inkvid i9approsimatdy I/20.secon&

Measurement of L=.—The following simple proceclye y
was appIied to obtain a rough estimate of scale of turbulence
corresponding to correlpt.ions between points alo~ the x-
asie: Denote by l@(n) the fraction of turbtient intensity
which is contributed by frequencies between n. and n+dn;
that is,

W5 dn=~~n) dn
and thus

J
0 -{n) dn= 1

0

Consider now an uncompensated hot-wire. If the time
constant of this uncompensated wire is .J1, the response
will be

m....,.

The total intensity for the uncompensated wire vii.Uthen be
given by 8

$TM method w snggeetedby Dr. H. W. Lkpmarm.
~Fmmda.s of thfs general type hwe been Propwd by KmmP@de Ferkt and by FrenkIeI

for deternidng the swetrum of mrbuleu from uneompensntedhokwfre measurementsby
varytng M (reference16).

.-

—-

.
.
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Thus, if the ratio of the response of the same wire compen-
sated and uncompensated is denoted by u,

1 smF’7(n)~n—=u(11+ A!f*n*
(9)

In order to estimate L,, ~tn) “b”asstied to have the simple
form

:$2I’p(n)–– 0 , ---------- -

Lo

which was given by Dryden (reference 17) and eorresponde
to an exponential correlation curve.

Then

r12M L,/U.—=—

( )

dn
u U*O

.
1+ n’ ~ (1+ iw%~

or with

q = Ln/u* -

a= MUJL=

then

.,..-= ....

Thus by measuring the ratio of the mean squares of the
fluctuating velocities with and without compensation, L. can
be ~stimated.

The procedure was checkec] in the floiv behind w %iuch
grid where the lateral scale was measured and where lxwauso
of isotropy. the relation L.= 2LB should hold fairly well.

‘1’he results were:
(r=l.g5

.M=7 X 10-4 second

[T,= 1.5X 10Scentim~ters per second

therefore

L,= 1.24 centimeters

Direct measurements gave LF=0.553 centimctw-. Hence
L== 1.11 centimeters which shows that this method of
estimating the value of L. is satisfactory.

Measurement of turbulent-energy spectrum,-in order to
be able to measure accurately the energy distribution over a
wide frequency band, it was found necessary to use extremely
thin wireawith emall time.constante and thus to iucreaee the
sigtlal-t.0-noieeratio. WUCSof 0.00005-inch diometer, op-
eratiiig with time constants of approximatdy 2X 10-4
second, were usecl. In this way it was possible to clctect

- energy values in the high-frequency banfls that were 10-7 _
times tl.wvtilue correspomling to zero frequency.

The hot-wire signal was fed into u Hwvlctt-Ptwkard wave
analyzer, the output circuit of which was sommvhaf. nltvrcd
in order to be able to feed the output signtd into tt rooL-
mean-sqlirtre voltmeter. The averaging characteristics of
the root-mean-square meter wwe clwcke(l and, for a m rmw-
band-wiclth signal, \yere found to give the stimemwm vnl~ws ._.-..
as those calculated from tlwrmmwuple readings.

With this method the energy of the ~z-fluct utttion was
measured at different points across the chanmd. At.yfd= 0.4
the spectrum of thr turbulent shmr ~ was also obl ninwl.4
An X-type meter wus usecl, both wires making fin ang](’ of
45° with the free-strewn dirertion. If 7 find~m~ tho mmn-
square voltage fluctuations (corrected for time higj nrross
the tuw \vircsit may bc shmvll (rcferenw 12) thtit

r—7=ConstantX~

If el ancl ~i are fed into the ware analyzer then the nl~ovc
relation holds for all band widths dn; that is,

PRELITIINARY ~lEASUREMENTS IN A 1-INCH CHANNEL

In the init id stages of the t llr~)l~lerlt<l~ann~l-fl(}t~~invest i-
ga t ion a two-dimensional rhannel of 1-inch width was used.
Measurements of mean find flurt uating velqcit ics anti of the
correlation coefficiel;t 1 ;vere complctcd. The scales ZYnnd
L. were also measured n t the channel center and were found
to be about 0.2 to 0.3 centimeter. This small-scale t urbuirncc
cxistimg in the chftnnel imposed a definite limitation on the
accuracy of the fluct ua [ing metisurcmcnts. l~ire-lcugt b
corrections as high as 30 perwnb had to be tipplifd [0 b

measurements of # and )c’. Furthermore, no nlirrosmlw
coulcl be measured rtccurately; thus one of tho object ivw of
the instigation, the cttleulation of thc UMrgy diesipntion
across the channel, couId not be obtained. Neverthrless,
results show good consistency; the three imlepondcwt meas-
urements of the. turbulent shear indicate. sntisfticlory
agreement.

It is of interest to present tIwsc preiitninnrymmsurements,
the Reynolds number of wllicll was 12,200, and to compan~
them with those obttiined in tho 5-inch channel. Ftgurc 5
shows the clistribut.ionof all the measured qunntitics in the
l-inch chaunel ancl it nmy be directly compared wilh figure I6
which shows the qunntities measured in the 5-inch chunm’1aL
near]y the same Reyno]ds number.

Although the dopes of the mean velocitiw at the wtdl are
~most the same i[] eitch case (for the l-in. channel T@lp/:5=
0.0019; for the 5-in. channel 7~pL~02=0.0018),the velocity
ratios u~[:~ in the 5-inch chamd seem to bc lower across
most of the channel. This in(licntcs thtit u moro intww

.

4 Thh method appmrs to h~w bwn Rrst uwt by Dr. Shmh?yC%RSlnIn a turtmhmtJrt
(prirate mmmunknt km).
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turbulent-energy production r— takes pIace in the 5-inch

dy
channel. Indeed, the t~bulent-velocity fluctuations Z’/L~a,
?’/[”0, and @/~a (especially %’/ZTJ inorease at a faster rate
toward the wti in the wider channel, although their values
at the channel center check Tery well in the two cases. The
shear distribution T/P~a2 is almost the smne for the two
channels; it follovrs, therefore, hm the rela”tion

g=kgg’
0 00

that k must have a higher absolute value in the l-inch
chcmnel since both Z’/ L:oand %’/~~.are smaller there. Indeed
the maximum value of k in this case ia —0.6, while in the
5-inch channel it is –0.5.

As a matter of interest it could be mentioned that if the
basis of compariw?n ia not. Reynolds number but- masimum
mean speed (for the l-in. channel ~.= 15 m/see) then figure
5 shows a distribution of W, 1?’, and W very similar to that
of figure 18, the absoIute values being somewhat lower in
the 5-inch channel.

RESULTSAND DISCUSSION
MEAN-VELOCITY DISTRIBUTION

A careful study of the tvro-d@ensionaI nature of the
channel flow was fbt made. lIean-Telocity measurements
were carried out at approximately z= —2 inches at different

heights in the channel: At positions 6 inches from the
bottom, 6 inches from the top, and at the middle. Agree-
ment among the three sets of measurements confirmed the ,
hvo-dimehsionality. A further check was made on possible
end effects that might influence the results. The length of
the channel was extended by 6 inches and the mean-velocity -‘-
measurements were repeated”at x= —8 inches. Xo cha~me
in the profile-was noticed. Figure 6 shomwthe mean-veIocit-y
distributions at three Reynolds numbers, R=61,600, R=
30,800, and R= 12,300. The distributions follow Von
Kfrmfi’s logarithmic law very well, except, of course, neai-”
the wall and at the center of the channel (fig. 7). The .
values of L’r were obtained from the veIocity gradients at
the wall.

....

—-..-

-. ,

yp
Ftmxs &—Mesa-mlocIty dkMxztioLL >k+sured points claw to wall are not shown
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Measureinents were mado with special care close to the
wall. Velocities at a large number of points were recorded
within the laminar sublayer in order to establish with
reasonable accuracy the shape of tho velocity profile at the
wall (fig. 8). The thickness of the la.minar sublayer (the
point where the velocity distribution deviates from the
logarithmic law) was found to be 8z 30v/Lrr(fig. 7).
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FKNIRE 8.—Meun-velodty dlWdbtion nw W,

In figure 8 it can bc seen that for the case of the lovicst
Re.yrIoldsnumber a few points. near the wall indicate very
low velocities. Since the poinh at which y/d=O has been
determined with groat accuracy and since the equations of
mot ion of the channel flow require a negative curvature for
the. velocity profiIe, it was cmcluded that the hot-wire
imlicated too 10}Y velocities near the walI for the lowest
Reynolds number. (The clashed curve for this case in fig. 8
shows the interpoltitcd velocity dist ribution for O<y/d<O.01.)
It can be shown that very high local-velocity fluctuations
cause the hot-wire to read velocities lower than the true

mean value. Since the mean current of the wire varies with
the fourth root of the velocity,

where u is the velocity to which the hot-wire responds and ._
~

Z is the true mean velocity. hlear L]W wall
()

~ <<1

and can therefore be neglected. Bccausc of the cosine-typa
directional characteristics of the hot-wire tho effect of the
w’–fluctuation can also be neglect ed. Thc velociLy nlcasurcd
by the..wire can be written, after expanding tho above
expression, as

Since the average of the odd terms is zero [ho series con-
-rerges rapidly. In the region in question, the velocity

fluctuations obtained were very high indeed (ii’/u>O.3O).
Their absolute values, bowet-er, are probably even ktrger,
since the nonlinearity effcct of the hirge fluctuations on
the hot-wire response still further amplified by the very low
mean velocities is not taken into tiCCQUI~Lbecause the wirc-
length corrections are neglected. Thc mean-vcloCity cor-
rection therefore given by the above relation is hm smnll to
give the required negative curvature of the profile.

n.
TURBULENCELEVELS

Figures 9 to 14 represent the rwuhs of mcasurcmcnts of
the three components Z’, ;’, and ti’ of the tllrl~lllrxlt-}’elocity-
fluctuation distribution in the chanuel for tlm three Reynolds
numbem. .- .

J8 ““-
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J4-- —-. ..— ....--. ... . -,
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FIGURE 9,—Vt!!dty fluctuations II’ rdativo to km] apwls.
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FIGrBE 10.—T’eIdty Euctnatlons #reIaiLve to Io@ speeds near wall.
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TIM veIocity fluctuations ii’ relative to local speeds
increase very rapidly near the vmII as is showm in @gures 9
and 10. Measurements very cIose to the wall indicate that.’
W/u reaches a maximum within the Iaminar boundary Iayer
(yZ7,/V= 17) and it. tends toward a constant due at the -iva.11
which is independent of t-heReynolds number. This point
fl be discussed in detail under “ReynoIds h-umber Effect.”

The absolute mikes of the distribution of Z’ show the same
generaI shape as that obtained by Reichardt (reference 9),
having the characteristic maximum near the wall and thW_
showing the strong action of viscosity even for vahws of
y =48.

IJsing the X-type hot-wire technique for obtaining t-he
ve~ocity-fluctuation components ti and w’, no measurements
couId be obtained near the wall. Figures 13 and 14 show
that, while in the center of the chm.mel the magnitudes of
1? and % are the same, # increases faster towarcl the waIL
This agrees with the ultramicroscope measurements in a pipe
by Fage and Tovcnend (reference 18).

IXolength corrections were necessary to the measurements
of u’ except near the -dI; however, .no corrections were
appIied in this region since no measurement of & could be
made. .In this region, furthermore, the fluctuations are
very Iarge and the vrdues given in @u-e 10 must be accepted
with reserve. The hot-mire response for lmge docity fluc-
tuations is not weILunderstood yet and no correct-ion was
attempted. Len=ti corr~etions mere applied to the measure-
ments of v’ and w’.

COEEEZ.&~OiiC~El?l?ICLEXT~NDSEHIABDISTRIBUTION-

The correlation coeilicient is fairly constant across most
of the channel (fig. 15) as indicated aIready by ~rtttendorf

- .,.-
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FIGURE 16.-C!orrdatlorkcoe~cient dktrlbutlon.

ancl KuetLe (reference 6). The maximum wdues of k ob-
tained decrease slowly with increasing Reynolds number and
thus show a definite Reynolds number dependence. Existing
results indicate, however, that parameters other than Reyn-
olds numbers ako influence the value of k. .The following
table shows magnitudes of the maximum correlation coeffic-
ient. as obtained by dilTerent investigators -working with
channels of various widths and with various Reynolds
numbers:

Channel width
IIxpcriments by— (d km..

Reicbardt. (reference 9)---- 24. 6... S,RMo –0. 46
Laufer (present paper) ----- 2.6 (1 in.) 12,200 –. 63
Laufer (pre3ent paper) ----- 12.7 (6 in.) 12,300 –. 50
JA’attendorf(reference 7)--- 5.0-. 15,500 –. 52
Laufer (present paper) ---- 127 (5 in.) 80, 800 –.”45
Laufer (present paper) ----- ..127 (6 in.) 61, 600 –. 40

Wattendorf obtained his value of k horn his measurements
of the.quantities li’/Uo, ~’/U*, and ~/ i7a2. ~nfortunately
his preliminary measurements of %’. are incorrect.; their
magnitude is large.. than thtit of ii’ at all values of y acrow
the channel contrary to results obtained by Reichardh and
by the present writer. Wattendorf himself points out the
inaccuracy of the values of T’ in his paper. Because of the
large values of 5’ his computed correlation coefficients are
too 10W. The Vfi]llc krnu= -0.52 listed in the above table

was obtained by using Wattendorf’s values ~/ U.x= 0.001
and ?i/Uo= 0.055 and the value %’/U0=O.O35 (y/cl= 0.5)
obtained by the author for both the l-inch (2.5-eIn) and
5-inch (12.7-cm) channel at R= 12,200 and R= 12,300,
respectively.

The variation of k indicates that for the same Reynolds
number the correlation coefficient tends to increase with
increasing maximum mean velocity (i. e., in a channel of
decreasing width).

131gures16 to 18 show the distribution. of all.the measured
quantities including t.h~shear distribution. For the case of
the two higher Reynolds numbers, three independent
measurements were made for the determination of the shear
distribution by methods indicated in “Equations of Motion
for Two-Dimensional Channel F1ow.”.. Figure 19 indicates
that consistent results are obtained for the value of r whether
calculated from the pressure gradient along the channel or
from the velocity gradient at the wall. The turbulent-shear
distributions obtained from ho~~$ire measurements and
t.hoeecalculated from figure 17 show satisfactory agreement.
However, for the flow at the highest Reynolds num~er, the

hot-wire measurements gave a 20-percent-loww wdue for
the shear coefficient, as may bo seen in figure 1S: At
present, the writer can give no satisfactory fxxplantition for
this discrepancy. ln the flow at the lowest Reynolds
numberj no pressure measurements were made because thu
very low pressure gradient (approx. 0.0003 mm of alcohol/cm)
did not permit accurate measurements. ~lowevcr, in this
case t~gj wall shear computed from thr measured nman
fluctuati~g quantities ti’, 5’, rmd k and the rncan-velocity
measurgmcnts may be compared with that obt wined in [ht!
1-inch-clannel flow having nearly the same Reynohls
number. The comparison shows satisfticl ory agreement:
For” the 1-inch channel T*/pU.z= 0.0019; for the 5-inch
channel TJPU02=0.0018.

SCALE AND MICItOSCALE MEASUREMENTS

For a further understanding of the structure of the tur-
bulent field, correlations of u’-fluctuations at two difforert~
points were carried out. Since the field is not. isokropic,
the scaki and microscale measurements were repcafmf both
in the y- and z-direction ‘for different values of y/d.

Rg-correlation.—Figure 20 shows thypical 2?r~rre1tition
distributions at. different mdues of y/d correspond tIg to
R=30,8Ci0. For larger values of z, inaccuracies in the
nieasurementsdid not permit the exploration of the negative
region of the correlation distribution. From tho mmsllred
distributions oi R, at four stations across the chmncl and
fok different values of R, the values of L, and h, were crtl-
culated (figs. 21 and 22). In these figures L, is seen to be
decreasing uniformly toward the wall, while A, reaches a
definite maximum at about y/d= 0.7 and tlwn decreases
with decreasing y/d.

R,-correlation.-Distrilmtions of the Rp-correlation a~
a given value of y/d were obtained by fLxitlgthe statiomwy
hot-wire at the given value of y/d “and h-aveming with t.lir
moving hot-wire away from the fixed one toward tht cl)atmcl
center. Values of Lp and & were then calculated from these
distribution of R,. In the region l.O>y/d>O. 1 the gra(l-
ients of the various quantities are alight; no significun t
asymmetry in the function Iir is therefore cxpectcd. 3icas-
uremente of the top part of the 11~-correlation(Iistribut.iou
(1.o>R,>O.8) by Prandtl and Reichard~ (refcrencc 19)
justify this belief fairly well.

By comparing figure 20 with figure 23, the strong cflcci
of the existing nonisotropy can immediatdy be seen. Al-
though both RV and l?. co~Tespond to VoI~ Kdrmdu’s g-
function (reference 10) they exhibit different behaviors
across the channel. The I?z-correlation function ftills more
and more rapidly to zero with decreasing y/d. Traversing
from y/d= 1.0 to y/d= 0.70 the clistribution of lly is found to
behave similarly; however, the dashed curve measured al
y/d= 0.4 (fig. 23) indicates considemldy increased correla-
tions for larger vplues of l-. It is thus secu that uround

y/d= 0.7 there is a definite decrease in energy content of the
fluctuations having low frequencies. Furthr consideratiotl
of this fact is given later in the discussion of the energy
balauce in the channel,

J TM randt was acceptd after the absolute valuca wero mrdully hckwl; the d-w [rc
rwponw was fxmpared with td-fluetuatlom in an k.otmplc fidd rmL thotwo.dhncnsloml
abantotar of t% flow ww chacked.
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The Va~UGSof ~r= J=R, cl]’ (fig. 21) are not so rclidic ms

those of Lz since R, c~uld not be mcnsurecl tit sufficie[ltly
large valu~ of ~ because of @ limitation of the tmvcrsing
mechanism used.

The distribution of h, across the clmnnul is similar to hb
of h, (fig. .22). From y/d=l.O to y/d ==0.7both A, and h, in-
crease almost proportionally to u’, indicatitlg that the lur-
bulent-energy dissipation ma u~fkz is approi~matcly con-
stant in this region. It should be noLiccd, howcvm, ihtit
A, is consistently larger than Xrthroughout the clmnncl cross
section. Some measurerneutsof Awclose to the wtillarc also
indicated in figure 23. hro Icngth correction was fouml to””
be necessary for the measured values of k. and A,.

A rough estimate of ZZ by the method tdrmdy descrilxxl
gave a value approximately hvicc thtit.of L, at the center of
the channel (fig. 21). Its valuc incrcmcs to rtmaximum at
y/d= 0.5 @l then decreases rnpidly. NO values for .L=Ilro
given for~~e lowest Reytiol@ number; in [his case the value
of a i9 veiy close to unity and, since ~f is proportional t.o..-’

1
—~ u should be kuown within au accumcy of 1 pcrccn~ to
u–1 ,.
give consktent resuits for Z=. Unfort.una tcly nn’asmcmcnts”
of L= carinot bi made with this accuracy, pnr[irular]y wlwn
the u’-fluctuat.ions are of rather low frcqucncics as is 11]0CLISG

for R= 12,300. It should be. mentioned that the uccurty’y
of the determ~mationof L=is more Iimit.cdby tlminaccurately
Ineas&d- value of u than by the fact t.haLtIn approximate
spect~wm”fuuct.iou ~(n) is used in equation (9). .
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The distribution of & obtained by the differentiation
method shows the same behavior as that of& and & (@. .22).
It-has the characteristic rmmimumat y/d=O.7. No measure-
ments were made for R= 12,300 because of the inaccuracy
due to the Iarge noise-to-signal ratios.

As a matter of interest the results of some measurements of
~ obtained with the zero-counting method are compared
with those described above. (See @. 22.) Since the vahlity
of the assumptions involved in this method is not dafied
yet, these measnmments should be regarded as prekninary.

SPECTE~19EMtlItm~TS

The spectra of t-hevelocity fluctuations ~’ have been ob-
tained at various values of y/d acroes the channel. With

improved instrumentation it was poedde to reduce experi-
mental scatter by a considerable amount. The accuracy of
the present measurements’ is believed to be tithin +10.
percent tith the exception of values corresponding to low
frequencies (n<100 cps) because of the large-a.mplitude
fluctuations and with the exception of dues corresponding
to high frequencies (n>4000 cps) because of noise and of
possible vrire-length effect. A typical spectrum distribution
taken at y/d= 1.00 is show-n in &ure 24. (The me=ured.
spectra at various positions of yfd are given in table I.) h’o
at-tempt is made to compare the measured distributions -with
etiting theories since the restrictive assumptions of these
theories (isotropy and flows at- high Reynolds nhbers) are
not satisfied in the present experiments. The only bequency
r~ge Where comparison is possibly justitled is the fiCOUS
region, that is, the high-frequency part of the spectrum where
wiscosity plays n dominant role. IJnfortunately here the
accuracy of the meastiements is not good enough to afford
any definite conclusions. Therefore, the rather close agree-
ment of the measured spectrum (for au -ra.hws of y/d excepb
in the Iaminar subIayer) with t-he -n–i-law predicted by Heisen-
berg (reference 2)- should be accepted -with reserve (fig. 24).
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For ~ comparison of the energy spectra at different points
in the channel, figure 25 shows the distribution of n21@(n)
instead of that. of l@(n) as a function of the. frequency.
This rnet.hodof presentation emphasizes energies correspondi-
ng to the higher frequencies but gives a clearer over-all
comparison of the different sets of measurements. The
characteristic mash-mm of the distribution of k=immediately
becomes apparent in this figure. From the fact that the
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correlation coefficient.is a l?ouricr transform tif tl]c sptwtrulu
function it follows that

Thus X= can be cornputcd from tbe distributions of
nim(n). The caIculat ed values check within n fcw per-
cent with direct measurements (fig. 22).

REYNOLDS NUMBER EFFECT

Fgure 7 shows the distribution of mean vchwilics plot1(*J
in the form of “friction velocity” u/~, against, “friction-
distance .pwameter” Yi7,/v. In this form the profiles m
independent of the Reynolds number lJ~/v and ft)llmr Yon
Kfmniin’s logarithmic law:

The constants A and B are 6.9 and 5.5, respcctivrly.
Comparing the present measurements with previous ones i~
is to be noted that.because of the very smooth wtilI sur[tiws
used, the value B is larger than that. of other invcstigutma.
llaking allowances for this efff~ct, measurements rIrc in
fairly good agreement with those of Dth@] (refvrcnw 4~
and Refc~ardL (reference 9). hTikura&’s chwmel wsul1s
(reference 5) differ from all other existing exprrimrnts. It.is
pertinent to mention that for the Reynolds number rangu in
question” {R< 100,000)the slope of the logaritbmir mwul-
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velocity distribution (the consta}t ~J both in pipes and
channels is Ia.rger than that established by Mlmradse’s pipe
measurements (.4=5.75).

The Rety-nolds number has a clefinite influence on the
velocity fluctuations rdso. Along most. of the cross section
where the influence of the viscosity is negligible the fLuctua.-
tiona Z’, 3’, and%’ decrease S1OW1F-with increasing Ite.ynolds
number.

T’eiv close to the -ivaII,according to Primdtl’s hypothesis, all
velocities of the form ~“elocity/ ~, must be a function of the
friction-distance parameter onIy. It has dr@ady been
pointed out that the mean -relocity obep this swt-y
law. Figure 26 shows the distribution of ~’/ZI, as a function

yu.~v

FmrRE 23.-L0@dmnk re~ntatfon of rekity fhlCtlUi”ti@S*’. .

of yUJv for the difYerentffok conditions investigated. The
following remarks can be made -withreference to this figure:

“ (1] For values of y~’Jr<100, dues of ti’/U, correspond-
~c to the various cae.es indicate similar behavior. The-y
reach a ma.simum at about yGJY = 17.

(2) It is believed that the ai.mhrity is actually more
complete than indicated in figure 26. Because the micro-
scale is not known in regions very close to the wdl no Iength
corrections could be appIied. These corrections -would of
course be a.ppreciably higher for the two high-velocity flovis
(R=61,600, 2d=5 in. and R= 12,200, 2~=1 in.) and would
therefore bring the -rarioua distributions of Z’ll?, closer to-
gether in the region in question.

(.3) The effect of viscosity is more pronounced on the
fluctuating quantities than on the mean velocity.

(4) Taylor pointed out in 1932 (supporting his a.rgunients
by Fage and Toivnend’s ultramicroscope measumments) that
&’/u and il’/u apprcac.h a finite -due at the wall (reference
1S). It foLlows from the similarity law that this mdue
should be an absolute constant independent of the Reynolds
number. Figure 10 inclicates this to be true, the constant
being (%/u) r-0=0.18.

It is of considerable interest to diacues t-he -variation of the
sca.le and microacale -with Reynolds number. For flows be-
hind grids where the turbulence is isotropic the scale is in-
dependent of the mean velocity and depends on the mesh
size of the grid. Similar behavior was found for t-hechmnel
flovi. Fgure 21 shows the clistributions of L, and L. for
difTerent -velocities. These distributions indicate no corL-

sistent variation with ~elocity. Furthermore, measurement ..
in a.1-inch channel give a -due for L=five timeslower ud a

ratio for LF somewhat larger than the values obt~ed ~“ - .
the present investigation.

The variation of k depends, of course, on the velocity and
channel width. The -ralues of A decrease viith increasing
velocity; however, the variation of 1 ~th c~nnel ~dth iS . .
less than that of L.

FIJLLY DEVELOPED CHARACYER OF TGFcBULEiiCE

The flow in the channeI is called ftiy developed if the ~“-_
variations of the’ mean -mdueaof the velocity and the mean
squarea of the veIocity fhmtuvtiona Wth ~ are ~e~ s~ll- . :
That the mean -relocit~-profde doea not vary downstream ia
evident from the pressure-agwiient measurements (fig 19)-
The gradient in z of ~s was me~ured on the & of the ~

channeI. It was found that u= was indeed decreasing with
z. The gradient, hoviever, was very small as compared

Hence for alI practical purposes ti~px can be neglected.
No measurements have been made concerning b~/bx,
since the scatter in the values would cover an-y effect.
However, there is littIe doubt that b~p~ ia of the same
order as b’*/bz and that the use of equations (3a)and (3b]
ia therefore justified here.

IZYEEGY BALAN-CE Lx FLUCXUATIXG FIELD

The energy equation, for a tvro-dime&ional chmnel has
the form given by equation (8)mcl k Validt~owhout the ~-

crosssection of the channel with the exception of a small

region near the vraU. WC term r ~ on the left side of equa-

tion (8) corresponds to the energy pioduced by the sheti%~
stresses and it ccm be obtained directly from the measure-
ments of r and from the mean docit-y profiIe. The second

m)
term on the right P ~=, expresses the amount of

. ..- .-
energy that is being dissipated because of the breaking
do= of the ]arger eddies to smaller ones. The term may ~~
be vmitten qdicitly.

The problem is to expreae these functions in terms of
easily measurable quantities. ‘k the case of isotropic
turbulence Taylor solved the problem by introduc~m the
microscale of turbulence k and obtained for the dissipation

(lo)
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It is attempted here to carry over his analysis to the case
of channel flow. The following assumptions have to be
made in this connection:

(a) The gradient of the velocity fluctuations is small in
all three directions, With the exception of the region near
the wall this is justiEable from the measurements.

(b) Since only correlations of u’ have been measured, it
is assumed that the correlations of w’ as functions of Z
(Von Kfmmin’s j-function) have the same curvature at the
origin (~=Z=O) as the correlation of u’ has as a function
of X; that is,

(%30=(%90=-+
Furthermore the correlations of o’ as functions of X and Z
and the correlations of w’ as functions of .X (Von Kfirrm$n’s
g-functions) have the same curvature at the origin as the
correlation of w’ has as a function of Z; that is,

Finally,

(%30=(%)0=(%$?0=-3
With these assumptions the derivatives of the fluctuations

could be expressed in terms of the measured values of h=,
~, and h,:

At the middle of the channel W turned out to be 2.62 ergs
per cubic centimeter per second for I?=30,800. Using the
isotropic relation .

the values 2.88, 4.38, and 2.24 ergs per cubic centimeter per.
second were obt&ed depending upon whether & AV,or AZ
was used. (For the vahe of ~ the algebraic mean of the
squares of the fluctuations was used.)

Figure 27 shows the distribution of Win the center region

W

FIGUEE 27.-Tnrbulent.energy bchwm in canti region of ahanneL R-30,SO0.

of the channel. Taylor obtained a similar distribution of
the dissipated energy ficross the channc~ (rcfereucc 20);
how-ever, his numerical magnitudes are too high sinco he
substituted in the isotropic relation, in equation (10), the
values of & which turn out to be lCSSthtin t.hoso of k:
and h..

From_ the known distributions of the cm?rgy prcdudion
and dissipation the diffusion of energy is easily cxdculutcd
from equation (8). It should be pointed out thut bocausc
of the approximations invohed in the calculation of the
dissipation and diflusion terms, the conclusions dorivcd
from them”are more or loss of a qualitative nnlurc.. It is
seen from figure 27 that at y/dF=0.7 the cliffusiori twm is
zero. L was also pointed out earlier thaL iu this rcgio;}
the RU-correlations show a considerate chtingo in shapr
indicating a shift in energy from k lowe.r LOhigh[ir
frequencies of the velocity fluctuations. These two facts
suggest that the energy difhion is associ~ted mfiinly with
the low frequencies of the fluctuations.

The equation expressing the balance of the, [hrec forn]s of
energy furnishes the foIIowing pict uro of t.hc twrbulcnLflmv
field @ the channel whero viscous dissipation is still neg-
ligible: _&o pkmes passing through points wlmc tho dif-
fusion of energy vanishes divide the channel flow into thrcc
parts. The middle region, the width of which is of [ho order
of L=, receives most of i@ energy by diffusiio action and this
energy is dissipated here at a constant ratm In h two outs-
ide re~ons all three energy terms increase rfipidly, the pro-
duction term being the dominant one, and their inhmtction
is more tivolvcd.

This picture of the flow field is only of a &script ivc nature,
The purpose of further investigations should be to obtuin
information on the development and mcclmnism of such
an energy balance.

LOCALLY ISOTROPIC CHARA~ZE OF TURBULENT CHANNZL FLOW

The concept of localIy isotropic turbulence obttiincd by
Kolmogoroff requires the smaller eddies in. turbAmL 11OW
to approach isoLropy. Smaller eddies me the ones with
length dimension 1 small compared with the scale of turbu-
lence -L. The sm$est characteristic length in Lurbuhmt
motion is Kolmogoroff’s q defined as

@ 114

()
q= ;

where e is the total dissipated energy. Clearly, to upprrmch
locally ~tropic conditions it is necessary that

L>>q

It fo~ows from this hypothesis that beyond suflicicntly
high frequericies (of the order of ?/q, say) no correlations
exist between the components of the velocity fluctuations.
Figure ~8 shows the measured spectrum of @ as compared

with tie spectrum of ~ at y/d= 0.4. It is seen that
the shear spectrum tends to zero at a frequency of about.
1500 cycles per seoond while ~(n) stilI has a detcctaldc
v[lue at ‘5OOOcycles per second. This result verifi& Kol-
mogoroff’s assumption. It should be mentioned thtit the
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FIGFEE 28.-Comparkxm of spectra of ~snd~ at J/d.O.4.

absolute values of ~(n) are not so accurate as those of
~(n) since they represent the small difference between
two large -mluee of hot-wire signal.

It is to be noted that wren though local isotropy was
shown to e.siet in the channel flow, the -dues of the various

vorticitry terms (@-/hj~ diEfer appreciably, indicating that the
relative magnitudes of these terms do not constitute a
sensitive test for the existence of local isotropy. This is
evident from. the comparison of the distributions n*.Fp(n)
and n2%(n) (fig. 28). It is apparent from the figures

s.that a large pwt of the contribution to n2FV@) dn
o

comes from a frequency welI below 1500 cycles p& second.
Ikcd isotropy, according to the shear spectrum, ssiats oyly
above a frequency of 1500 cycles per second.

CO~CLUDING REMARKS

The measurements presented here contirm the general
conceptions concerning the mean .w310city profile in a tmlm-
Ient channe~. The extent of the laminar sublayer, the
velocity profle in the sulhyer, and the over-aII velocity

distribution as measured here are in
‘general theoret.icrdexpectations.

1265 ._---

good agreement with .2”*

Measurements of the turbulent field show that th~hot-wire .=___
technique is well enough developed to give consistent results z
for the intensities and correlation functions.

DetniIed measurements of the veloci~ fluctuations in the -”
direction of the flow u’ -were carried out well within the
laminar sublayer. It was found that the simihwity law for “-”’”=
Z’/U,, where 27, is friction velocity; hobis fairl-j-well in the . .
vicinity of the ymll and as a consequence the magnitude of
tif/u, where u is local mean velocity, approaches an absolute - —
co.mtant at the wall (approx. O.18), the -ralu~ being inde- “
pendent- of the Reynolds number. The magnitudes of the 1.
velocity fluctuations normal to the flow in the lateral and
vertical directions 5’ and W are nerd~ the same k the “-
‘iniddIe region of the channel, W increasing more rapidly ___
toward the -wall.

The measured microscales of tiwbulence & M, and ~, con- “”“‘“”-
sietentIy show a maximum at. y/d= 0.7, where y is IateraI
distance and d is half width of the channel; they inwease
proport-iondy with W, indicating a constant rate of energy
dissipation IT’ in the center portion of the channe] since.. _~~_
lTa u7fi12. -

The ecaks of turbulence Lr and L* in the center region are -~
independent of Reyuolds number and depend only on the “-
cha.nnel width. The microsca.Ies,however, show a depend-
ency on the Reynolds number.

From the calculated magnitudes of the energy produced ‘-
b-y the shearing stresses and of the dissipated energy a
descriptive picture of the energy diffusion in the center ie~on

..——

of the channel is obtained.
The spectrum measurements of the ~’-fluctuationa tend -

to indicate that.~[n) behaves as rL-7 over a hccge band in
the high-frequency region (-where ~(n) is fraction of
turbulent energy associated with band ~dth d-n &d n is

...-

frequency) ~ From t-he comparison of the spectra of ~~ and .-
of the turbulent shear the existence of local isotropy in the
charmel flow is -mrilied.

GIXIGENHIW iiEEOWU~CAL JJKSO=TORT,

C1.ILIFO~Ni lWITTUTE OF TECm-OLOGI-,

PASADENA, CALIF., S@mber 1, 1949. ,
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